Abstract. We examine the effect induced on cosmological correlators by the simultaneous breaking of parity and of statistical isotropy. As an example of this, we compute the scalarscalar, scalar-tensor, tensor-tensor and scalar-scalar-scalar cosmological correlators in presence of the coupling L = f (φ)(− 1 4 F 2 + γ 4 FF ) between the inflaton φ and a vector field with vacuum expectation value A. For a suitably chosen function f , the energy in the vector field ρ A does not decay during inflation. This results in nearly scale-invariant signatures of broken statistical isotropy and parity. Specifically, we find that the scalar-scalar correlator of primordial curvature perturbations includes a quadrupolar anisotropy,
Introduction
Pseudo-scalar fields, which can naturally emerge in global symmetry breakings, have often been employed in models of cosmological inflation (e.g., see refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ). A typical model of a pseudo-scalar coupled to a gauge field is
where φ is the pseudoscalar field and 1/f expresses the strength of the axial coupling. Due to the motion of the inflaton φ(t), this coupling enhances one of the two helicity states of the gauge field during inflation, inducing parity violation. This violation can be imprinted on the gravitational waves through the gravitational interactions of the gauge field. Most common observables of such chiral tensor perturbations are the cross correlations between temperature anisotropies T/E-mode polarization and B-mode polarization (TB/EB) of the Cosmic Microwave Background (CMB) [3, [12] [13] [14] [15] . Since the inflaton typically speeds up during inflation, the production of gauge quanta can potentially increase at smaller scales, giving rise to a gravity wave signal observable at terrestrial interferometers [16] [17] [18] . The chiral nature of this signal can be probed by combining measurements from multiple interferometers [19, 20] . In addition, the f (φ)FF interaction can also generate large primordial non-Gaussianity [13, [21] [22] [23] [24] [25] [26] [27] [28] , and primordial black holes [29] . Finally, this coupling has also been employed in models of inflationary magnetogenesis [30] [31] [32] [33] [34] [35] [36] [37] [38] .
In the framework of the pseudoscalar inflation, impacts due to statistical anisotropy have been recently analyzed, by introducing a coherent vacuum expectation value (vev) of the gauge field [39] [40] [41] . In such a case, the primordial correlators are affected by the simultaneous breaking of parity and statistical isotropy. This generates characteristic a 1 m 1 a * and EB correlators for | 1 − 2 | = 2 [41] . Mathematically, all the CMB signals satisfying | 1 − 2 | = odd (even) in TT, TE, EE and BB (TE and EB) are parity-odd. These can be realized only when the primordial correlators include parity-violating information. On the other hand, the primordial correlators can generate nonzero CMB signals satisfying 1 = 2 , only when they break rotational invariance. Hence, the above signals become distinctive indicators of broken parity and rotational invariance in the primordial Universe. 1 In ref. [41] , we have presented a proof of the existence of these interesting signals, analyzing the simplest lagrangian (1.1). In this case, however, the vev of the vector field (which is the quantity breaking statistical isotropy) decays very rapidly during inflation, ρ A ∝ A 2 ∝ a −4 (where a is the scale factor), so that one needs to assume that a vector vev is present as an ad-hoc initial condition when the CMB modes left the horizon. The rapid decrease of ρ A then implies that only the largest CMB modes can be affected by it, so that the induced non-diagonal correlators are highly red-tilted (they are ∝ k −4 ). It was found in ref. [41] that only CMB multipoles with 10 can be affected at a detectable level. As anticipated in ref. [41] , a more natural initial condition, and a more interesting signal, can be obtained if the kinetic term of the vector field is modified as in the Ratra mechanism [42] , so to allow for a nearly constant ρ A . Specifically, if the kinetic term is − f (φ) 4 F 2 , and if the functional form of f (φ) is chosen such that the background evolution satisfies f (φ(t)) = a −4 (t), then the vector has a constant electric vev (we are using standard electromagnetic notation for simplicity, although we do not need to assume that A µ corresponds to the standard model photon). This time dependence can be achieved through a suitable relation between f (φ) and the inflation potential [43] .
A model that provides a non-decaying ρ A and that breaks parity has been recently considered in ref. [36] as a model for primordial magnetogenesis [36] . It is characterized by the lagrangian 2
where γ is a constant. 3 Analogously to the well studied γ = 0 case [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] , we show in this work that, for I(φ) ∝ a −2 , the interaction between φ and A µ leaves nearly scaleinvariant signatures on the primordial cosmological correlators. Differently to the γ = 0 case, however, due to the I 2 (φ)FF interaction, one vector helicity state is produced with a greater abundance that the other one. As mentioned above, this violation of parity can affect the CMB correlators through the gravitational interactions of the vector field. In addition, a stronger effect arises from the direct coupling between the vector field and the inflaton. We mentioned that the interaction in eq. (1.2) is responsible for (i) maintaining a nearly constant energy in the vector field during inflation, and (ii) enhancing one helicity of the vector field with respect to the other one. These effects are due to the classical evolution of I(φ) and therefore to the vev of the inflaton field. However the same interaction term (1.2) also couples the vector quanta to the inflaton perturbations. As we will see, in this model ρ A /ρ φ 1 is required. Therefore one can identify the perturbations of the inflaton 1 These discussions rely on the assumption that there is no mechanism breaking parity and isotropy at late times.
2 In the proposal of ref. [36] , the field φ does not need to be the inflaton field. 3 The explicit breaking of parity can be avoided if the F 2 and the FF term are proportional to two different fields (as for instance in supergravity) that have vevs that evolve during inflation maintaining a constant ratio [36] .
as the adiabatic perturbation of the model, with negligible error. As we show below, the couplings δφδA and δφδA 2 encoded in eq. (1.2) modify both the power spectrum and the bispectrum of the primordial scalar perturbations. For the power spectrum of primordial curvature perturbations, one obtains the ACW [55] quadrupolar term
with a nearly scale invariant g * parameter. For the (angle-averaged) bispectrum, one obtains the first three terms of an expansion in Legendre polynomials [52] :
with c 0 : c 1 : c 2 = 2 : −3 : 1. 4 The three parameters {g * , c 0 , c 2 } arise due to the breaking of statistical isotropy, and were already found in the − f (φ) 4 F 2 model [51, 52] . The non-vanishing of c 1 instead requires both breaking of statistical isotropy and parity. This is the first time that, within these conditions, a non-negligible contribution c 1 to the curvature bispectrum is generated during inflation. 5 As we show in section 4.1, for γ = 0, the fact that such signatures have not been observed in the CMB data enforces the upper limit ρ A /ρ φ < ∼ 10 −9 . In our work we study the γ = 0 case. Our results are summarized in figure 1 , where we show the upper limit on ρ A /ρ φ as a function of γ, starting from γ > 1. Strictly speaking, our analytic computation is valid for γ 1 2 . However, the limit is continuous in γ, and figure 1 shows that extrapolating our lines in the γ < ∼ 1 intervals provides results consistent with the limit at γ = 0. To give a measure on how strongly the upper limit decreases with γ, we note that our computation provides the upper limit ρ A /ρ φ < ∼ 4 × 10 −16 at γ = 1, and ρ A /ρ φ < ∼ 3 × 10 −25 at γ = 2. Although having such a small ρ A is a mathematical possibility, in section 4.2 we argue that a greater energy in the background vector field should be expected, simply from the addition of IR modes [51] . This essentially rules out the model (1.2), under the assumption that it produces a constant vector energy density, that γ > O(5), and that φ is the inflaton. Our results do not immediately extend to the case in which φ is not the inflaton. However, we expect that also in that case the primordial perturbations will be significantly affected by the effects we have studied, mostly due to the linear coupling (which exists at least due to gravity) between δφ and the inflaton perturbations [25] . This paper is organized as follows. In the next section, we review an inflationary model based on the lagrangian (1.2) and we discuss how it can lead to a constant vev of the gauge field. In section 3, we compute the scalar-scalar, scalar-tensor, tensor-tensor and scalar-scalar-scalar correlators of primordial curvature perturbations, and find the distinct observable predictions of the lagrangian (1.2). In section 4, we estimate the observational bounds on the energy density of the gauge field vev from the latest Planck constraints on g * , c 0 , c 1 and c 2 . This result is discussed in section 4 and in the concluding section.
A model for breaking parity and statistical isotropy
Let us consider the action [36] 
with the parameter γ being a constant. Differently from ref. [36] , we identify φ with the inflaton field, and compute how the couplings in eq. (2.1) affect the primordial perturbations. For γ = 0, the coupling of the inflaton field to the vector explicitly breaks parity, as the product F 2 is a scalar, while FF is a pseudo-scalar quantity. This coupling also affects the inflaton perturbations, since expanding φ = φ 0 (τ ) + δφ(τ, x), and denoting I(φ 0 ) ≡ I 0 (τ ), one has
In principle, O(δφ 2 ) terms in the expansion of I(φ) could be considered, and included in the computation of the bispectrum. As discussed in ref. [51] (see also ref. [59] for an explicit check), these higher terms give a subdominant contribution, and we can therefore disregard them.
We assume that the function I evolves in time during inflation as
and it then sets to a constant after inflation (when φ sets to a minimum). 7 Without loss of generality, we can take this value to be 1. Strong coupling considerations put the n > 0 regime into question [60] . The coupling of the vector to any field charged under the U(1) symmetry is ∝
. For n > 0, this implies a very large coupling during inflation. Even if no real quanta of the charged particles exist during inflation, loop of virtual charged particles are out of perturbative control, which puts in question any perturbative result obtained from the model [60] .
Background evolution
A non-vanishing vev of the vector field during inflation leads to anisotropic expansion. It is well known (see for instance ref. [51] ) that, for γ = 0, consistency with the CMB results requires that the energy density of the vector field is much smaller than that of φ. We show below that the limit on the vector field energy becomes even stronger for γ = 0. Therefore, we can neglect the departure of the background geometry from the FLRW metric, and we use ds 2 = a 2 (−dτ 2 +dx 2 ) in our computations [51] . As in the standard case, inflation is supported by the inflaton potential, and the standard slow-roll condition applies ≡ 6 We use the following notation: Fµν ≡ ∂µAν − ∂ν Aµ is the field strength of Aµ,
the dual tensor, with η 0123 = 1. We also use Mp = 1/ √ 8πG, where G is Newton's constant. In the following, dots (primes) denote derivatives with respect to physical (conformal) time, while H ≡ȧ a , where a is the scale factor. 7 As we mentioned, the required time dependence can be obtained by suitably relating I with the inflaton potential. See ref. [43] for details. We do not need to identify the vector field with the standard model photon. We nonetheless use the "electromagnetic" convention with
where the Coulomb gauge A 0 = ∇ · A = 0 has been assumed. In this notation, the energy density in the gauge field acquires the familiar form
. For convenience, we introduce the canonical field V ≡ I 0 (τ )A, and we expand it in a background value plus fluctuations as V = V (0) (τ ) + δV(τ, x) (consistently with spatial homogeneity, we have imposed that the background value depends on time only; we note that with this choice the term proportional to γ in eq. (2.1) does not contribute to the background evolution). The gauge field vev then satisfies
leading to vanishing magnetic component, B (0) = 0, and to an electric component E (0) that depends on the parameter n. In particular, for n = −2 (or
, a time-independent vev arises as
This is the case that we study in this work.
Gauge field fluctuations
The fluctuations of the gauge field have two helicity states (λ = ±1): 8
where the quantum field δV is decomposed as
in terms of creation and annihilation operators that obey the algebra
The quadratic action gives the evolution equation for the mode functions:
The parity violating term results in a contribution that differs in sign for the two helicities. Following ref. [36] , we define the coupling strength parameter ξ ≡ −nγ , (2.10) 8 The polarization vector
and for definiteness we assume ξ > 0. As we are interested in n = −2, this means that the parameter γ is positive. In the opposite case, one simply needs to interchange δV + ↔ δV − in the results below. Given that I 0 ∝ a n , one finds, at zeroth order in slow roll,
Ref. [36] provided the solution to this equation with the standard adiabatic vacuum initial condition for arbitrary n. They obtained a particularly simple expression for ξ 1, and in the long wavelength regime. For n = −2, this expression reads
while the negative helicity mode δV − (τ, k) is produced on a much smaller and negligible amount [36] . Using electromagnetic convention, we can write the following power spectra in the long wavelength regime
where X, Y = E, B and
This expression indicates that, on superhorizon scales (−kτ 1), the magnetic correlators are much smaller than the electric ones. For this reason, we may ignore the magneticmode contributions in the primordial curvature and tensor correlations computed in section 3.
Curvature and tensor perturbations
To compute metric perturbations, we decompose them into scalar and tensor perturbations as standard [61] , and we work in the spatially flat gauge for the scalar sector, δg scalar ij = 0. In this gauge, the spatial part of the metric fluctuation is given by the gravitational wave alone as δg ij = a 2 h ij . Moreover, since the energy density in the vector field is much smaller than that in the inflaton, we can identify the scalar curvature perturbation ζ ≡ −
δφ, while the gauge field perturbations δA i are isocurvature modes that are produced as discussed in the previous subsection, and will affect ζ and h ij through their couplings to them. 9 We have already discussed the quantization of the δA i modes. The curvature and tensor perturbations are decomposed, respectively, as
15)
16) 9 In the spatially flat gauge, there are also metric perturbations δg00 and δg0i. These are non-dynamical modes that are integrated out, and induce gravitational couplings between the gauge quanta and ζ. As the term proportional to γ is a topological term, no metric perturbations enter there, so these couplings originate from the I 2 F 2 term, and are given in ref. [62] . Such couplings are suppressed (technically, by an factor [62] ) with respect to the direct δφδA 2 couplings present in eq. (2.1), and so we can simply disregard them, and set δg00 = δg0i = 0 [41, 51, 62] .
where we have used the polarization tensor given by a product of the polarization vector as
The quantized fields are expressed with the operators satisfying
We treat the effect of the gauge perturbations perturbatively, and indicate the scalar and tensor correlators as
The suffix zero refers to the correlators at zeroth-order in the gauge fields, namely to the standard inflationary vacuum correlators. We disregard the zeroth-order scalar three point function, as it would correspond to the non-Gaussianity from standard single-field slow-roll inflation, which is unobservable [63] [64] [65] [66] .
In absence of gauge fields, we have the standard mode function solutions 20) leading to the standard power spectra
The suffix 1 in eq. (2.19) denotes the first non-vanishing correction from the vector fields. This requires two interaction terms, that we compute at tree level in the in-in formalism (see, e.g. ref. [67] ) in the next section.
Correlators with broken parity and rotational symmetry
In this section, we compute contributions from the gauge field to the correlators (2.19). As we mentioned, we treat the gauge field contributions perturbatively. The dominant coupling relevant for the scalar modes is obtained from the direct coupling I 2 (− + δA] 2 (as we discussed above, higher order expansions of I 2 and couplings that originate from δg 00 and δg 0i can be neglected). From this expansion we have the two terms 10
The I 2 F 2 term also leads to the dominant coupling between the gravity tensor mode and the gauge fields
where we disregard the h δA 2 coupling as it does not contribute at tree level to two point correlators involving the graviton.
In the constant vev case, i.e., I 0 ∝ a −2 = (−Hτ ) 2 , these three terms give rise to the three interaction hamiltonians
In H ζ1 and H ζ2 , we have dropped the contribution of δB i with respect to δE i , as the magnetic perturbation is much smaller than the electric one at super-horizon scales, see eq. (2.14) (the super-horizon regime dominates the time integrals of the in-in computation [51] , as we discuss below). Since B (0) i = 0, and since FF ∝ E i B i , this implies that the pseudo-scalar interaction does not contribute to the leading order expression of H ζ1 and H ζ2 . For this reason, we recover the same dominant interaction hamiltonians as in ref. [51] . Nonetheless, the I 2 (φ) FF coupling strongly influences the phenomenological results, as it changes the gauge field mode functions, see eq. (2.14).
In the following, we perform the explicit computations of the correlators using the in-in formalism. A useful intermediate result is the commutator between the zeroth-order fields. Using the zeroth-order mode functions (2.20), one finds
(3.7)
Power spectra
By means of the in-in formalism, the leading order correction due to the gauge field to the two point scalar correlation function is given by
(3.8) 10 We note that the A (0) 2 ζ tadpole is canceled once the exact equation of motion for ζ is taken into account, and the solution (2.20) is properly modified. This effect is completely negligible, due to the fact that ρ vev E ρ φ .
We are interested in this result at super horizon scales, −k n τ 1. Modes of ζ and of δE appearing in this expression are the zeroth-order solutions, and so they are uncorrelated with each other. So, the expectation value in eq. (3.8) splits into two separate expectation values. The dτ i time integrals are dominated by modes in the long-wavelength regimes, since the small-wavelength modes are highly oscillatory, giving a highly suppressed contribution to the time integral [51] . On superhorizon scales, the electric field (contained in H ζ1 (τ n )) becomes a classical (commuting) field [51] . Therefore, the expression (3.8) is evaluated to
After computing this with eqs. (2.13) and (3.7), the time integrals are reduced to −
, which is equivalent to the number of e-folds before the end of inflation at which the modes with k 1 leave the horizon, given by N k 1 . With an identity:
we finally obtain
which indeed shows a non-vanishing quadrupolar asymmetry, and which is scale invariant up to the logarithmic dependence on k of N k . It is instructive to compare this result to that obtained for ξ = 2γ = 0 [51] . We find
In short the difference between our result (3.11) and the result obtained for γ = ξ = 0 is simply due to the difference between the wave functions of the sourcing gauge fields (the mode function in the present case is given in eq. (2.14); for ξ = 0 one has instead δE
. By an analogous computation, the leading gauge field contributions to the scalar-tensor and to the tensor-tensor correlators are found to be
14)
The absence of the λ = −2 mode in these expressions indicates parity-violating correlators. Moreover, these correlators also break isotropy due to non-vanishing quadrupolar term. The gauge field contributions to the scalar-tensor and tensor-tensor correlator are suppressed, respectively, by a factor and by a factor 2 with respect to the contribution to the scalarscalar correlator. An analogous behavior was also found in the F 2 + φFF model [41] .
Scalar bispectrum
Again using the in-in formalism, the leading order contribution of the gauge field to the scalar bispectrum is given by :
, (3.15)
where we have defined
As for the power spectrum, the time integrals are dominated by modes in the superhorizon regime. Proceeding as in that computation, the first term in eq. (3.15) evaluates to 
This expression evaluates to
Namely, the internal time variables in the integrals cover the region τ ≥ τ 1 ≥ τ 2 , τ 3 , plus lower bounds dictated by the requirement that all the modes in the interaction are in the super-horizon regime. Starting from the other two terms in eq. (3.15), and relabeling the internal times, we obtain an expression where the integrand is identical to the integrand of eq. (3.18), but the internal times cover the two complementary regions τ ≥ τ 2 ≥ τ 3 , τ 1 , and τ ≥ τ 3 ≥ τ 1 , τ 2 . This leads to
The time integrations are dominated by the earlier possible times, giving
We here have defined
where we recall that N k i is the number of e-fold before the end of inflation at which the mode with momentum k i left the horizon. Using the identity
In the I 2 (φ)F 2 model (the γ = ξ = 0 case), the corresponding contribution to the bispectrum is [51] 
where 26) with δE ξ=0 = 3H 2 √ 2k 3/2 being the mode function of either helicity mode in the ξ = 0 case (where the two helicities are produced in equal amount). As for the power spectrum, the difference between the ξ 1 and the ξ = 0 result is simply due to the difference of the sourcing gauge fields. In the present case, one helicity dominates the final result, leading to violation of parity.
CMB constraints
In this section, we compare the primordial correlators induced by the action (2.1) to the latest CMB data, and we obtain an upper bound on the energy density in the background gauge field, ρ vev E . Finally, we compare this bound with the theoretically expected value for the vev.
CMB observables and constraints
The primordial correlators computed in section 3 act as the initial conditions of the CMB correlators and can therefore be measured by CMB observations. Formally, the signatures in the CMB scalar-scalar, scalar-tensor and tensor-tensor power spectra are essentially identical to those obtained in the F 2 + φFF model [41] , since the primordial correlators have the identical angular dependence. The main difference between the signatures on that model and the signatures that we are computing here is that in the present case the gauge field vev is constant, so that these signatures are nearly scale invariant. On the contrary, in the F 2 + φFF case, the vector vev (that needs to be assumed as an ad hoc initial condition present when the CMB modes were generated) is rapidly decreasing, leading to observational effects only at the largest scales.
As proven in ref. [41] , the scalar-scalar correlator (3.11) can create TT, TE and EE in | 1 − 2 | = 0, 2, while the scalar-tensor (3.13) or tensor-tensor (3.14) correlator can generate TT, TE, EE, BB, TB and EB in | 1 − 2 | = 0, 1, 2. Specifically, TT, TE, EE and BB (TB and EB) in | 1 − 2 | = 1 (| 1 − 2 | = 2) are distinct signatures of the anisotropic pseudoscalar inflation, since these appear only in the case that parity and rotational symmetries are broken at the same time. However, these signal-to-noise ratios are smaller than the scalar-scalar ones because of the slow-roll suppression of the tensor mode. Likewise, the tensor mode also gives special correlations in the bispectrum due to broken parity and rotational invariance; also such contributions are subdominant due to the smallness of the tensor mode. In this section, we therefore focus on the observables associated with the primordial scalar mode ζ.
For this analysis, we use the conventional g * parametrization for the power spectrum [55] and the c L parametrization for the bispectrum [52] , namely,
where P L (x) is the Legendre polynomial. The latter bispectrum form is obtained after averaging the original anisotropic bispectrum (3.20) over all directions ofÊ vev , in the spirit of isotropic CMB measurements. This is the quantity that is immediately associated to the angle-averaged reduced bispectrum computed from the data: the reduced bispectrum
is obtained by averaging the bispectrum over all possible orientation of triangles of sides of length k 1 , k 2 , k 3 . The theoretical prediction for the reduced bispectrum associated to eq. (3.20) is therefore equivalent to the theoretical prediction associated to the average of eq. (3.20) over all possible direction ofÊ vev [52] . 11 Keeping into account that the CMB data force |g * | 1 [68, 69] , the sum of eqs. (2.21) and (3.11) yields P (k) 3) where N CMB is the number of e-folds before the end of inflation at which the CMB modes leave the horizon, ρ φ V (φ) 3M 2 p H 2 is the energy density of the inflaton, and
is the energy density of the gauge field. Let us now compute the average of the bispectrum (3.20) over all directions ofÊ vev . Using 12 4) and setting
We compare eqs. (4.3) and (4.5) with the results obtained for the γ = ξ = 0 case [52] 
The Planck collaboration reported the 95% CL limits [28, 69] 11 In the study of CMB anisotropic bispectra [56, 57] this would correspond to single-out a monopole term in a spherical harmonic expansion of the anisotropic bispectrum [56] that does contribute to the isotropic (angle-averaged) bispectrum.
12 This identity is easily derived using the spherical-harmonics representations of a unit vector and polarization vector, see [70] . 13 These cL bounds correspond to the temperature only limits [28] : f From these constraints we get rough estimates of the upper bounds on ρ vev E /ρ φ using eqs. (4.3), (4.5) and (4.6): We show these bounds in figure 1 , for the special choices of N CMB = 60 and = 0.01. While at γ = 0 the strongest bound on ρ vev E /ρ φ is obtained from the power spectrum, at γ 1 2 the strongest bound is due to the bispectrum coefficient c 0 . This is due the fact that the gauge production increases with increasing γ, and the bispectrum is affected more than the power spectrum by this growth (at the technical level, the source for the power spectrum is ∝ δE 2 , while the one for the bispectrum is ∝ δE 4 . This generates the e 2πξ /ξ 3 factor in c 0 /g * in eq. (4.5)).
The result we have obtained assumed ξ = 2γ > 0, but it can be readily applied also to the case in which ξ = 2γ < 0. As clear from eq. (2.11), changing sign of ξ = 2γ simply amounts in interchanging the role of the two helicities of the gauge field. In the computation of the inflation correlators, one simply needs to replace ξ → |ξ| and interchange
One can then verify that the limits (4.9) can be extended to the γ − 1 2 region by simply replacing γ with |γ|.
Comparison with the expected vector vev
In this subsection we compare the limits on ρ vev E /ρ φ obtained in the previous subsection with what is naturally expected in the model (2.1).
Beside producing scale invariant vector perturbations, the I ∝ a −2 case also sustains a constant vector vev. This is not accidental. Due to scale invariance, super horizon modes have the same power at any given time t. The modes also had the same power when they left the horizon. 14 Equal power at horizon crossing (that happens at different time for the different modes) and at the later common time t is obtained because the modes have frozen amplitude while outside the horizon. In the super-horizon regime a mode solves the same equation of motion as a constant vev. So, if the super-horizon modes are frozen outside the horizon, also a completely homogeneous vev is. This explains why the I ∝ a −2 choice produces both scale invariant electric perturbations, and a constant electric vev.
In presence of the vector vev, the interaction between the gauge and the inflaton perturbations leads to anisotropic correlators of the primordial perturbations. The fact that this anisotropy is not observed in the data results in a limit on the vev of the vector field, and on the associated energy density ρ vev E ≡ E 2 vev 2 . The current limit is summarized in figure 1 . Naively, one may simply assume that the gauge field has no homogeneous vev, in which case the limit computed here does not apply. While this is a mathematical possibility, such an assumption is very unlikely in a model that is constructed to give scale invariant gauge perturbations. Unless one makes the very ad-hoc assumption that the duration of inflation is limited to the one necessary to produce the CMB modes that we observe at the largest scales (that is, N tot = N CMB 60), also perturbations of wavelength larger than our horizon were produced during inflation with a scale invariant spectrum. Each of these infrared (IR) modes is observed as a classical and homogeneous vector field on our sky [51] . We can actually observe only the sum of such modes, and this precisely constitutes the homogeneous vector vev E vev that we have studied in this work.
If we could observe many disconnected patches of the universe that have a size comparable with our Hubble horizon, we would observe many realizations of the IR gauge modes generated during the first N tot − N CMB e-folds of inflation, and we would observe a different sum E vev of these modes in each Hubble patch. Under the hypothesis of Gaussianity of the gauge perturbations (even a O (1) departure from Gaussianity would not change the order of magnitude estimate performed here), the values of these sum would have a Gaussian distribution of zero mean and variance
We observe only one Hubble patch, and hence only one of such realizations. The variance we have just computed gives the typical value of E 2 vev obtain in any realization. We therefore obtain
The corresponding values of g * and c L are
0.01 N CMB 60
Already requiring that the energy in the vector field is subdominant poses a significant limit. For instance, for |γ| = 5.5, and for only 10 e-folds of inflation more than the last N CMB ones (this is a conservative assumption, as typical models of inflation give a much longer duration), one finds a subdominant vector field only if H < ∼ 10 −13 M p (= 3 × 10 5 GeV). The limit obtained in this work is much stronger. Combining the results (4.9) and (4.11), we find the bound 14) so that a much greater value of H during inflation can be tolerated in this case. The bounds (4.13) and (4.14) are shown in figure 2 for the specific choice of the inflationary parameters = 0.01, N CMB = 60, N tot = 70 . Strictly speaking, the result (4.13) is valid only at |γ| 
Discussion
In ref. [41] we computed the non-diagonal correlators between multipoles of the CMB temperature anisotropy and polarization induced by the simultaneous breaking of parity and rotational invariance during inflation. A very simple way to realize such a breaking is to couple the inflaton φ with some gauge field with non-vanishing vev through a pseudo-scalar interaction φFF . A vector field with a standard kinetic term is rapidly diluted away by the expansion of the universe. To cope with this, in the present work we considered the recent modification by Caprini and Sorbo [36] of the Ratra mechanism [42] for the generation of a primordial magnetic field during inflation. This model is characterized by the interaction I 2 (φ)(− 1 4 F 2 + γ 4 FF ), which explicitly breaks parity. For the suitable time dependence I(φ(t)) ∝ a 2 (t), where a is the scale factor, the model produces scale invariant magnetic perturbations, which is at the core of the mechanisms of ref. [42] . For I ∝ a −2 the model produces scale invariant electric perturbations. This was first used in the γ = 0 case to sustain anisotropic inflation [72] , exploiting an "electromagnetic duality" in the model for I → 1 I [73] . We restricted our computations to the I ∝ a −2 case; however, due to the duality, we expect that our results can be readily extended to I ∝ a 2 . We also assumed that the field φ is the inflaton (this is not required in the magnetogenesis applications [36, 42] ). In presence of the vector vev, the interaction between the gauge and the inflaton perturbations leads to anisotropic correlators of the primordial perturbations. In particular, among these correlators, we have shown for the first time that it is possible to generate a primordial nonGaussian signature during inflation proportional to c 1 in the parametrization (1.4), which is due to broken parity and rotational invariance.
The fact that the anisotropic signatures predicted by this model are not observed in the data results in a limit on the vev of the vector field, and on the associated energy density ρ vev E ≡ E 2 vev 2 . The limit is already strong at γ = 0, where standard values of the slow roll parameter = 0.01 and of the number of observable e-folds of inflation N CMB = 60 lead to ρ vev E /ρ φ < ∼ 10 −9 . Such a strong limit is due to the fact that the vector modes act as isocurvature modes that continue to source the inflaton adiabatic perturbations in the superhorizon regime, inducing a N 2 CMB (N 3 CMB ) enhancement of the anisotropic two (three) point correlators, and to the fact that the direct inflaton-vector field coupling is stronger than the gravitational one [51] . The limit becomes much more stringent with growing |γ|, see figure  1 , as the amount of gauge quanta produced by the moving inflaton grows exponentially with |γ| at large |γ|.
The relevant question to ask is whether such stringent limits are compatible with the vev that should naturally be expected in the model. We have considered a mechanism that, by construction, gives scale invariant perturbations for the gauge field. In typical inflationary models, the primordial perturbations of size comparable to our horizon were produced N CMB 60 e-folds before the end of inflation. This does not mean that the scale invariance induced in the mechanism should stop at such wavelengths, but it is natural to assume that also modes produced earlier were scale invariant. 15 We denote such modes as IR modes. Each of these modes is observed in our sky as classical and homogeneous vector field on our sky [51] . We can actually observe only the sum of such modes, and this precisely constitutes the homogeneous vector vev E vev from the IR modes (that eventually sum up to a vev of the vector field from the classical equations of motion) that we have studied in this work.
Let us denote with N tot the total number of e-folds of inflation, and assume that E vev = 0 at the onset of inflation (if a sizable vev is already present at the start of inflation, we simply expect an even stronger effect, and even stronger bounds). The IR modes that are seen as homogeneous from the point of view of the CMB modes are those produced in the first N tot − N CMB number of e-folds of inflation. The value of the same on our Hubble patch is obtained as a stochastic addition, obeying the typical random walk relation E 2 vev | expected ∝ N tot − N CMB (this is completely analogous [51] to how condensates of light scalar field develop during inflation). This was studied in ref. [51] for the γ = 0 case. In the present work, we extended this study to non-vanishing and large γ, where, due to the significant increase of the amplitude of the produced gauge quanta, the limits imposed by this effect become much more stringent, see figure 2. For instance, by simply allowing inflation to last 10 more e-folds than the amount necessary to produce the CMB modes (this is a very conservative assumption), we could rule out |γ| > ∼ 5.5. Our results hold under the assumption that the function I(φ) produces a constant electric field. This can be achieved for I(φ) ∝ a n , with n = −2. Using an "electromagnetic duality" of the model, this result can be immediately translated to the I ∝ a 2 case, although for n > 0 the mechanism is plagued by a strong coupling problem during inflation [60] (see the discussion after eq. (2.3) ). On the other hand, the n = −2 case remains to be studied. Moreover, it would be interesting to study how the limits obtained here weaken in the case in which the field φ is not the inflaton. We hope to come back to these issues in a separate work.
